GaN thin films have been doped with varying Er concentrations ͑0.01-10 at. %͒ during molecular-beam-epitaxy growth. As expected, the visible and infrared ͑IR͒ emissions, from photoluminescence ͑PL͒ and electroluminescence ͑EL͒, are a strong function of Er concentration. We report on the determination of an optimum Er doping level for PL and EL intensity. Secondary ion mass spectroscopy and Rutherford backscattering measurements showed that the Er concentration in GaN increased exponentially with Er cell temperature. PL and EL intensity of green emission at 537 and 558 nm, due to Er 4 f -4 f inner shell transitions, exhibited a maximum at ϳ1 at. % Er. IR PL intensity at 1.54 m, due to another Er transition, revealed the same maximum for ϳ1 at. % Er concentration. PL lifetime measurements at 537 nm showed that samples with Er concentration Ͻ1 at. % had a lifetime of ϳ5 s. For Er concentration у1 at. %, the lifetime decreased rapidly to values below 1 s. This concentration quenching is believed to be due to a combination of Er cross relaxation and energy transfer to GaN defects, eventually followed by precipitation. This conclusion is supported by x-ray diffraction measurements. As a result, we have determined that the optimum Er doping concentration into GaN is ϳ1 at. %. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1390480͔ Er-doped GaN is currently being widely studied 1 for its various optical applications. Due to the characteristic 1.54 m infrared ͑IR͒ emission from Er 3ϩ ions and minimum light absorption at this wavelength in silica, Er-doped silicabased optical fibers are now widely used. Many other materials, such as Si and various II-VI and III-V semiconductors, have been studied in order to find good Er host materials for optoelectronic applications. Favennec et al. reported 2 that Er 3ϩ photoluminescence ͑PL͒ intensity depends strongly on both the band-gap energy of the semiconductor and the host temperature. The advantages of GaN include a direct-band-gap transition, which is very important in optical applications; a large energy band gap, which results in very low thermal quenching; 3,4 and thermal and chemical robustness.
Er-doped GaN is currently being widely studied 1 for its various optical applications. Due to the characteristic 1.54 m infrared ͑IR͒ emission from Er 3ϩ ions and minimum light absorption at this wavelength in silica, Er-doped silicabased optical fibers are now widely used. Many other materials, such as Si and various II-VI and III-V semiconductors, have been studied in order to find good Er host materials for optoelectronic applications. Favennec et al. reported 2 that Er 3ϩ photoluminescence ͑PL͒ intensity depends strongly on both the band-gap energy of the semiconductor and the host temperature. The advantages of GaN include a direct-band-gap transition, which is very important in optical applications; a large energy band gap, which results in very low thermal quenching; 3, 4 and thermal and chemical robustness.
In addition to IR emission, Er also has characteristic emission in the visible range. We have previously reported 5 visible green emission from Er-doped GaN thin films grown by molecular-beam epitaxy ͑MBE͒. We have observed that the visible and IR emission, from PL and electroluminescence ͑EL͒, are a strong function of Er concentration. In general, all Er host materials exhibit a practical limit in Er concentration beyond which the optical emissions begin to decrease. This is known as the concentration quenching effect. The limit, or optimum concentration of rare-earth ions, including Er, varies depending on the host materials. For example, the solubility limit of Er in Si is well known as Although many experiments have been reported for GaN doped with Er, and a decrease of optical emission intensity at higher concentrations has been thought to be basically the same as in other hosts, no quantitative studies of the optimum Er concentration have been published. In this letter, we report on the optimum Er concentration in GaN for optical emission. Er-doped GaN has been grown in a Riber 32 MBE system on p-type ͑111͒ Si substrates. A typical MBE growth cycle starts with the Si substrate preheated at 500°C in the preparation chamber and outgassed at 850°C for 10 min in the growth chamber. Electron diffraction showed clear 7 ϫ7 reconstruction patterns on the Si͑111͒ surface after outgassing. A thin film of AlN was first grown for 5 min as a buffer followed by GaN:Er growth for 1 h at 700°C. Ga and Al elemental sources and a SVT Associates nitrogen rfplasma source were used for growth. Er was introduced in situ during growth from a solid source. The Er concentration in the GaN film was varied by adjusting the Er cell temperature from 740 to 980°C. For electroluminescence measurements a simple ring-shaped Schottky electrode was fabricated on top of the GaN:Er film using indium-tin-oxide ͑ITO͒ sputtering and a lift-off process. The electrode has an a͒ Electronic mail: a.steckl@uc.edu APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 6 6 AUGUST 2001 area of 7.65ϫ10 Ϫ4 cm 2 and its detailed structure is shown elsewhere. 9 Rutherford back scattering ͑RBS͒ and secondary ion mass spectroscopy ͑SIMS͒ measurements were used to measure absolute Er concentrations in GaN:Er films. Measurement results showed that the Er concentration in GaN ranged from 0.025 to 11.2 at. % by varying the cell temperature from 740 to 980°C. As shown in Fig. 1 , the incorporated Er concentration was observed up to the highest values measured. The Er concentration follows an exponential dependence on the Er cell temperature. An Arrhenius-like thermal activation energy estimated from this curve was 2.9 eV, which gives an excellent agreement with the activation energy of ϳ3.0 eV for the Er vapor pressure in this temperature. 10 PL was performed at room temperature both in the visible and infrared regions by above-band-gap excitation with a 325 nm HeCd laser. Visible and IR PL intensities are plotted in Fig. 2͑a͒ . Green emission at 537 nm is one of the characteristic emissions due to the 4 f -4 f inner shell transition of Er 3ϩ ions and is attributed to a transition from 2 H 11/2 to 4 I 15/2 . IR emission at 1.54 m is a well-known transition from 4 I 13/2 to 4 I 15/2 and has special importance because of current and potential optical communication applications. As shown in Fig. 2͑a͒ , both of these emissions have a maximum at about 1 at. % Er. It is well known in phosphor materials 11 that the optical excitation intensity of rare-earth activator ions exhibits an optimum concentration. The excitation residing in an ion can migrate to another ion of the same species that is in the ground state as a result of resonant energy transfer when they are located sufficiently close to each other. This process is known as cross relaxation. The energy migration process increases the possibility that the optical excitation is trapped at defects or impurity sites, enhancing nonradiative relaxation.
EL was investigated utilizing a Schottky device consisting of ITO ring electrodes on top of the GaN:Er layer. Brightness normalized by current flow, defined as BIV, is plotted in Fig. 2͑b͒ for devices with various Er concentrations. Since the EL brightness was influenced by many factors, including those associated with EL device fabrication, the current normalized brightness is a more appropriate parameter to evaluate rather than the raw brightness, i.e., brightness regardless of current flow through the device at a fixed applied voltage. We can see that the optimum Er concentration is 0.5-1 at. % for visible EL emission, which is almost the same as that observed in PL.
The room-temperature PL lifetime was excited at 537 nm and measured at 558 nm. Below-band-gap excitation was used since above-band-gap excitation generated a yellow band emission around 550 nm and made it difficult to measure the lifetime of Er 3ϩ . As shown in Fig. 3 , the lifetime is constant at a value of 5 s for low Er concentrations. At ϳ1 at. % Er, the lifetime starts to decrease with increasing concentration. The decrease of lifetime is most probably due to a cross relaxation of Er 3ϩ ions in GaN. As observed in PL and EL intensity data, ϳ1 at. % Er concentration is a transition point at which cross relaxation and/or energy transfer become comparable to radiative emission.
Finally, x-ray diffraction ͑XRD͒ was carried out to investigate the crystal structure of the GaN:Er films. Figure 4 shows XRD spectra for four different samples, including undoped GaN as a reference. The ͑0002͒ characteristic peak of GaN at 2⌰ϭ34.5°was observed to broaden in width and decrease in intensity as the Er concentration increased beyond ϳ1-2 at. %. Most interestingly, a new material phase appeared at 2⌰ of ϳ32.1°for the sample with 11.2 at. % Er. 
FIG. 2. PL and EL intensity vs Er concentration:
͑a͒ visible and IR PL intensity display maxima at ϳ1 at. % Er; ͑b͒ visible EL intensity normalized by current flow shows a maximum at ϳ0.5 at. % Er.
The intensity of this XRD peak is an order of magnitude smaller than that of the main GaN peak. The peak was assigned to an ErN͑111͒ diffraction and was broad. The intensity and full width at half maximum ͑FWHM͒ of the GaN͑0002͒ peaks were plotted for all Er-doped samples in Fig. 5 . We can clearly see that both the intensity and FWHM are constant at low Er concentrations until ϳ1-2 at. % is reached. At higher Er concentrations, the XRD signal intensity decreased and the FWHM broadened. This implies that the GaN crystalline quality degradation begins at 1-2 at. % Er incorporation. Clearly, incorporation of Er at the ϳ10 at. % level significantly reduces the GaN crystallinity by precipitation of a new phase, ErN.
In summary, we have determined that there is an optimum Er concentration in GaN:Er with regard to optical luminescence such as PL and EL. We conclude that the optimum Er concentration is ϳ1 at. % based on visible and IR PL, visible EL, visible PL lifetime, and XRD. It seems that two important things start to happen at around 1 at. % Er in GaN. The first is a combination of Er cross relaxation and energy transfer to GaN defects, resulting in the quenching of the luminescence. The second is the reduction in crystal structure quality which eventually produces a different phase, ErN, by precipitation. The ϳ1 at. % Er optimum concentration for maximum brightness is 2-3 orders of magnitude higher than that of Er in Si ͑Ref. 6͒ and GaAs, 7 and about an order of magnitude higher than that of Er in Al 2 O 3 . 
